Nontypeable Haemophilus influenzae (NTHI) is a major pathogen of otitis media with effusion (OME) and other upper respiratory tract diseases (10, 30) . In patients with OME, this bacterium is frequently isolated from the nasopharynx, as well as from middle ear effusions, and the inhibition of NTHI colonization in the upper respiratory tract is considered effective in preventing OME. Due to the increase of antibiotic-resistant strains of NTHI in recent years, the development of a vaccine against this bacterium is considered an important goal for public health. Since NTHI lacks capsular antigens, the chief antigenicity is present in the outer membrane proteins (OMPs). One of the OMPs of NTHI, P6, is a common antigen to all strains and is considered as a candidate for mucosal vaccine (7, 9, 10, 11, 30, 31) .
In the mucosal surface, secretory immunoglobulin A (IgA) plays a major role in protective immunity. We previously demonstrated that intranasal immunization was an effective regimen for inducing mucosal IgA immune responses in the upper respiratory tract (26) and that the nasal mucosal IgA immune responses induced by intranasal immunization were effective for the clearance of bacteria in the nasopharynx.
The mucosal immune system is considered as a separate functional entity quite independent of the systemic immune system because the mucosal immune system possesses unique anatomic features and is composed of specialized subsets of lymphoid cells (21, 27, 34) . Despite the recent emphasis on a better understanding of molecular and cellular aspects of the mucosal immune system, little information is currently available regarding the middle ear mucosa (MEM). Several histologic studies have indicated that the MEM has a function as a mucosal effector site, as does the nasal mucosa (19, 29, 36, 37, 41) ; however, immune responses by mucosal lymphocytes in the middle ear have not been studied because of the difficulty in isolating cells from the MEM. Recently, we established a method for isolating lymphocytes from the MEM and analyzed mucosal lymphocytes at the single cell level in the middle ear of normal mice. Results of that study showed that MEM has characteristics of a mucosal effector site (S. Suenaga, S. Kodama, S. Veyama, M. Suzuki, and G. Mogi, submitted for publication).
Several studies concerning the prevention of OME by mucosal immunization have been reported, and these reports have suggested that intranasal immunization with P6 is effective for the prevention of OME (7, 9, 12, 18, 35) . However, studies with mice have not investigated immune responses in the middle ear (18) , and studies using chinchilla models have not analyzed immunological aspects (3, 12, 35) . In the present study, we investigated antigen-specific immune responses in the middle ear by intranasal immunization for the ultimate purpose of developing a mucosal vaccine for preventing OME. P6-specific T-and B-cell immune responses in the MEM were examined at the cellular and transcriptional levels.
with 0.1 M Tris, 0.5 M NaCl, and 0.1% 2-mercaptoethanol (buffer B, pH 8.0) with RNase (10 mg/ml), sonicated, incubated, and centrifuged. This procedure was repeated twice. The pellet was then suspended in buffer B without RNase, sonicated, incubated, and centrifuged again. The pellet was finally suspended in buffer A (0.01 M Tris, 0.15 M NaCl; pH 7.4) and incubated at 65°C for 30 min. The insoluble material was removed by centrifugation at 100,000 ϫ g for 60 min at 30°C. The protein contained in the supernatant was thought to be pure P6. The protein concentration was determined by use of a protein assay kit (Bio-Rad Laboratories, Richmond, Calif.). Coomassie blue-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the purified protein demonstrated a single band with a molecular mass of approximately 16,000 Da. The level of endotoxin in the P6 preparations was measured by use of Toxicolor System (Seikagaku Corp., Tokyo, Japan) and Endospecy (Seikagaku Corp.) according to the manufacturer's directions. Lipooligosaccharide was found to be present only at a concentration of 0.13 ng/mg of protein.
For immunofluorescence studies, P6 was labeled with fluorescein isothiocyanate (FITC) according to a previously reported method (41) .
Immunization. Mice were immunized intranasally on days 0, 7, and 14 with 10 l of PBS containing a mixture of 10 g of P6 and 1 g of cholera toxin (CT; Sigma, St. Louis, Mo.) as a mucosal adjuvant (P6ϩCT-immunized group) or 10 l of PBS containing 1 g of CT alone (CT-immunized group). Control mice were given PBS without antigen. Mice were killed on day 21.
P6-specific antibody assays. On day 21, ear wash, nasal wash, saliva, and serum were collected from mice under deep anesthesia by introperitoneal injection with 0.1 ml of PBS containing 2 mg of ketamine (Sigma) and 0.2 mg of xylazine (Sigma). Saliva samples were obtained following intraperitoneal injection with 0.1 ml of PBS containing 100 g of pilocarpine (Sigma) to induce salivary secretion. Blood samples were collected by orbital puncture. After blood was collected, the mice were killed. The mice wer then perfused transcardially with PBS to avoid contamination of the peripheral blood. Ear wash samples were collected by washing the tympanic cavity with 10 l of cold PBS. Nasal wash samples were collected by washing the nasal cavity with 200 l of cold PBS according to a previously reported method (26) .
P6-specific antibody titers in ear wash, nasal wash, saliva, and serum were determined by enzyme-linked immunosorbent assay (ELISA) as previously described (26, 33) . Briefly, 96-well plates (Nunc, Roskilde, Denmark) were coated with an optimal concentration of P6 (100 l of a 5-g/ml concentration of P6) in PBS. Plates were incubated overnight at 4°C in a humidified atmosphere and washed three times with PBS. Wells were blocked with 200 l of PBS containing 1% bovine serum albumin (BSA; Gibco BRL, Gaithersburg, Md.) for 1 h at 37°C. After an extensive washing, serial dilutions of the ear wash, the nasal wash, the saliva, or the serum were added and incubated for 4 h at room temperature. After the incubation and washing, 100 l of a 1:1,000-diluted biotinylated goat anti-mouse IgM, IgG, or IgA (Southern Biotechnology Associates, Inc., Birmingham, Ala.) was added to the wells. A detection solution containing a 1:2,000 dilution of horseradish peroxidase-conjugated streptavidin (Gibco BRL) was added. The plates were incubated overnight at 4°C. After washing, the color reaction was developed at room temperature with 100 l of 1.1 mM ABTS [2,2Ј-azinobis(3-ethylbenzthiazoline-6-sulfonic acid)] in 0.1 M citrate-phosphate buffer (pH 4.2) containing 0.01% H 2 O 2 (Moss, Inc., Pasadena, Calif.) after a 15-min incubation. Endpoint titers were expressed as the reciprocal log 2 of the last dilution, which gave an optical density at 414 nm (OD 414 ) of Ͼ0.1 OD units above the OD 414 value of negative control samples obtained from control mice.
Isolation of MNCs. Mononuclear cells (MNCs) were isolated from the MEM, nasal passage (NP), nasal-associated lymphoid tissue (NALT), cervical lymph node (CLN), and spleen (SP). For the isolation of MNCs from the MEM, we established a dissociation method (Suenaga et al., submitted). Briefly, the skin was carefully removed from the head region, and the bulla was isolated from the temporal bone. Then, the bulla was dissected, and the MEM (tympanic mucosa) was detached from the bone under microscopy. MNCs were isolated from the MEM after enzymatic digestion at 37°C for 10 min with 0.5 mg of collagenase type IV (Sigma) per ml. MNCs were isolated from NALT, NP, CLN, and SP by gently passing them through a steel mesh according to a previously reported method (2, 16, 26) . Then, MNCs were suspended in complete medium (RPMI 1640 supplemented with 10 ml per liter of nonessential amino acid solution, 1 mM HEPES, 100 U of penicillin per ml, 100 g of streptomycin per ml, 40 g of gentamicin per ml, and 10% fetal calf serum).
Enumeration of immunoglobulin-producing cells. For the enumeration of P6-specific immunoglobulin-producing cells, the numbers of P6-specific IgA-, IgG-, and IgM-producing cells in MEM, NP, NALT, CLN, and SP were determined with enzyme-linked immunospot (ELISPOT) assay as previously described (16, 26, 33) . Briefly, 96-well filtration plates with a nitrocellulose base (Millititer HA; Millipore Corp., Bedford, Mass.) were coated with 5 g of P6 per ml and incubated overnight at 4°C. Plates were washed three times with PBS and then blocked with complete medium for 1 h. The blocking medium was removed, and test cells in complete medium were added at various concentrations and were cultured at 37°C in air with 5% CO 2 and 95% humidity for 4 h. After the incubation, the plates were washed thoroughly with PBS and then with PBS containing Tween solution (0.05%; PBS-Tween). For the capture of antibodyproducing cells, 1 g of horseradish peroxidase-labeled affinity-purified goat anti-mouse IgM, IgG, or IgA (Southern Biotechnology Associates, Inc.) per ml in PBS-Tween was added. After overnight incubation at 4°C, the plates were washed five times with PBS-Tween, and the spots were developed at room temperature with 100 l of 1.6 mM 3-amino-9-ethylcarbazole in 0.1 M sodium acetate buffer (pH 5.0) containing 0.05% H 2 O 2 (Moss, Inc.) after a 30-min incubation. The plates were washed with water and dried; with the aid of a stereomicroscope, red-brown-colored spots were counted as P6-specific antibody-forming cells.
Immunohistochemistry and confocal laser scanning microscopy. For histological observation, the mice were killed under deep anesthesia on day 21 and then perfused transcardially with PBS, followed by perfusion with 10% neutral buffered formalin. The heads were immersed in the same fixative for 6 h and decalcified with 0.12 M EDTA (pH 7.0) for 2 weeks. After dehydration, the tissues were embedded in paraffin for immunohistochemistry and in Tissue-Tek O.C.T. compound (Sakura Finetek USA, Inc., Torrance, Calif.) for confocal laser scanning microscopy.
For detection of IgA-positive cells in the middle ear and the nasophaynx, horizontal, serial, 6-m paraffin sections were prepared for light microscopic examination. Specimens were dehydrated through a graded series of ethanol and treated with 3% hydrogen peroxide in absolute methanol for 20 min. Sections were exposed to a 5% normal goat serum in PBS for 30 min and then incubated for 24 h with biotinylated goat anti-mouse IgA antibody (diluted in 1% BSA-PBS. After a rinsing with PBS, sections were incubated with ABC reagent (Vector Laboratories, Burlingame, Calif.) for 1 h and developed in 0.05% 3,3Ј-diaminobenzidine-0.01% H 2 O 2 substrate medium in 0.1 M phosphate buffer for 8 min.
For detection of P6-specific IgA-producing cells in the middle ear, confocal laser scanning microscopy was also performed. Cryostat sections of middle ear (10 m) were incubated with FITC-labeled P6 followed by Texas red-conjugated goat anti-mouse IgA (EY Laboratories, San Mateo, Calif.). After being rinsed in PBS, sections processed for immunofluorescence were examined with an OS/ Inter Vision Lazer Confocal Imaging System (NORAN Instruments, Inc., Middleton, Wis.).
Analysis and purification of T cells in MEM.
For the characterization of T cells from MEM, three-color flow cytometric analysis was performed (24, 25) . For staining of memory or naive Th cells, FITC-conjugated anti-CD4 (anti-L3T4; H129.19), phycoerythrin (PE)-conjugated anti-CD45RB (16A), and Cy-Chromeconjugated anti-CD3ε (145-2C11) monoclonal antibodies (MAbs) were used. MAbs were purchased from Pharmingen (San Diego, Calif.). The frequencies of memory and naive Th cells were determined by incubation with a combination of FITC-conjugated anti-CD4, PE-conjugated anti-CD45RB, and Cy-Chrome-conjugated anti-CD3. These samples were then subjected to flow cytometoric analysis with a FACSCalibur (Becton Dickinson Corp., Sunnyvale, Calif.). Each analysis was performed at least three times to verify the results.
For purification of CD4 ϩ T cells from the MEM, MNCs from the MEM were incubated with FITC-conjugated anti-CD4 (anti-L3T4; H129. 19 P6-specific cytokine assay. For the detection of gamma interferon (IFN-␥), interleukin-2 (IL-2), IL-4, IL-5, IL-6, IL-10, and transforming growth factor ␤ (TGF-␤)-specific mRNA in P6-specific CD4 ϩ T cells isolated from MEM, a modified standard reverse transcription-PCR (RT-PCR) amplification protocol was employed (15, 16) . CD4 ϩ T cells from MEM (2 ϫ 10 4 /well) of P6ϩCT-immunized mice were incubated with feeder cells (2 ϫ 10 4 /well) and P6 (10 g/ml) for 96 h at 37°C.
Control cells were CD4 ϩ T cells of P6ϩCT-immunized mice incubated without P6. The total RNA was extracted by the guanidinium thiocyanate procedure (6) . RT and PCR were performed (6, 15, 16) . In general, 10 ng of total RNA was reverse transcribed with 2.5 M oligo(dT) [12] [13] [14] [15] [16] (Gibco BRL) and 2.5 mM concentrations of each deoxynucleoside triphosphate at 42°C for 1 h. The reaction tube was incubated at 70°C for 10 min to inactivate RT enzyme activity. The cDNA (an applied cDNA was equivalent to transcription from 10 ng of total RNA) was amplified by PCR by using cytokine-specific primers purchased from Clontech (Sunnyvale, Calif.). Briefly, after heating at 94°C for 2 min, cDNAs were amplified for 35 cycles, each cycle consisting of 94°C for 2 min, cDNAs were amplified for 35 cycles, each cycle consisting of 94°C for 45 s, 60°C for 45 s, and 72°C for 2 min, followed by a final extension step of 72°C for 7 min. PCR products were then stored at 4°C until analyzed. PCR products were separated by electrophoresis on 1.8% agarose gels and visualized by UV light illumination after ethidium bromide (0.5 g/ml) staining.
T-helper cell assay. For the elucidation of helper functions of MEM CD4 ϩ T cells for NALT B cells, in vitro B-cell culture assay was performed (16, 20) . Briefly, MNCs were isolated from the NALT of P6ϩCT-immunized mice, and cells were incubated for 30 min at 4°C with a cytolytic monoclonal anti-T-cell cocktail containing anti-CD4 (GK1.5), anti-CD8 (53.6-72) and anti-Thy-1.2 (30-H12), followed by incubation with anti-rat chain (MAR18.5) (24) . Cells were then treated with baby rabbit complement (Pel-Freeze Biological, Rogers, Ariz.) for 30 min at 37°C. NALT B cells prepared by this procedure were Ͼ97% surface immunoglobulin positive according to flow cytometric analysis. Purified CD4 ϩ T cells from MEM (2 ϫ 10 4 /well), feeder cells (2 ϫ 10 4 /well), and P6 (10 g/ml) were then added to individual NALT B-cell cultures (10 5 /well). These cultures were incubated for 4 days at 37°C in an atmosphere of 5% CO 2 . Supernatants were harvested from individual cultures, and the titer of P6-specific IgA antibody was determined by ELISA as described above.
Statistics. Student's t test was used to determine significance of the data. Differences of P Ͻ0.05 were considered significant.
RESULTS
Intranasal immunization induced P6-specific immune responses in MEM. P6-specific immune responses were induced by intranasal immunization with P6 and CT. The levels of IgA antibodies in ear wash, nasal wash, and saliva were significantly elevated after intranasal immunization with P6 and CT. However, P6-specific immune responses were not induced by intranasal immunization with CT alone. The levels of IgM, IgG, and IgA antibodies in serum were also higher in P6ϩCT-immunized mice than in CT-immunized mice (Fig. 1) . The specific IgA antibody-producing cells in P6ϩCT-immunized mice were increased in the MEM and NP, which are considered mucosal effector sites (Fig. 2) . However, the increase of the specific IgA antibody-producing cells was not observed in CT-immunized mice. In P6ϩCT-immunized mice, there were fewer antibodyproducing cells in NALT, which is considered a mucosal inductive site, than in MEM or NP. The dominant isotype of P6-specific immunoglobulin-producing cells in MEM was IgA, followed by small numbers of IgG-and IgM-producing cells. Thus, MEM tissues are considered to be the major IgA effector site in the middle ear cavity. This finding was also confirmed by immunohistologic examination of the MEM. IgA-positive cells detected in the MEM, as well as in the nasopharynx, of P6ϩCT-immunized mice (Fig. 3c, d , and e) were more numerous than those detected in control mice (Fig. 3a and b) . Confocal laser scanning examination also showed P6-specific IgAproducing cells in the MEM of P6ϩCT mice (Fig. 3f) . These results indicate that P6-specific immune responses were induced in MEM and NP by NALT-targeted immunization with P6 and CT. These results indicate that MEM is an important mucosal effector site containing a high frequency of IgA-producing cells for the production of secretory IgA for NTHIspecific immunity in the middle ear.
Memory Th cells increased in MEM after intranasal immunization. The populations of lymphocytes in MEM, NP, and NALT were characterized by fluorescence-activated cell sorting (FACS). Figure 4 shows ϩ T cells by P6 (Fig. 5) . In CT-immunized mice, although memory Th cells increased in MEM, CD4
ϩ T cells did not respond to P6. These results show that after intranasal immunization with P6ϩCT, MEM CD4 ϩ T cells are capable of responding to P6.
RT-PCR analysis for P6-specific Th1 and Th2 cytokine mRNA expression by MEM CD4
؉ T cells. To characterize P6-specific Th1 and Th2 cytokine mRNA expression by MEM CD4 ϩ T cells, IFN-␥-, IL-2-, IL-4-, IL-5-, IL-6-, IL-10-, and TGF-␤-specific RT-PCRs were performed. RNA preparations from MEM CD4 ϩ T cells of P6ϩCT-immunized mice incubated with 10 g of P6 per ml contained mRNA for Th1 and Th2 cytokines, including IFN-␥, IL-5, IL-6, IL-10, and TGF-␤ (Fig. 6) . Thus, 365-, 424-, 638-, 455-, and 525-bp bands corresponding to these respective cytokines were readily detected after electrophoresis of the agar gels (Fig. 6) . In contrast, mRNA expression of Th1 and Th2 cytokines was not detected FIG. 1. Intranasal immunization with P6 and CT induced P6-specific immune responses. The antibody titers were determined by ELISA. The levels of P6-specific IgA antibodies in ear wash, nasal wash, and saliva were significantly elevated after intranasal immunization with P6 and CT (P Ͻ 0.01). The levels of IgM, IgG, and IgA antibodies in serum were also elevated (P Ͻ 0.01). The levels of P6-specific antibodies were not elevated after intranasal immunization with CT alone. These results are expressed as the mean Ϯ the standard error (SE) and were obtained from a total of five experiments with 10 mice per group.
FIG. 2. Intranasal immunization with P6
and CT induced P6-specific antibody-producing cells in mucosal effector sites. P6-specific antibody-producing cells were determined with the ELISPOT assay. The specific IgA antibodyproducing cells were increased in the MEM and NP of P6ϩCT immunized mice (P Ͻ 0.01). The number of antibody-producing cells in the NALT was smaller than those in the MEM and NP. The specific IgA antibody-producing cells were not detected in CT-immunized mice. These results are expressed as the mean Ϯ the SE and were obtained from a total of three experiments with 20 mice per group.
for MEM CD4
ϩ T cells that were not given P6 (Fig. 6 ). Th1 and Th2 cytokine mRNA expression was also not detected for RNA preparations from MEM CD4 ϩ T cells of CT-immunized mice or control mice incubated with 10 g of P6 (data not shown) per ml. These results show that MEM CD4 ϩ T cells expressing P6-specific Th1 and Th2 cytokine mRNA, which is important for the induction of the specific secretory IgA immune responses, were induced in MEM after intranasal immunization with P6 and CT. 
DISCUSSION
Intranasal immunization is now considered an effective vaccination route for the induction of IgA responses. Previous studies showed that specific antibodies induced by intranasal immunization were detected not only in nasal wash but also in saliva (18, 26, 38, 43, 44, 46) . Our previous study demonstrated that intranasal immunization is an effective regimen for the induction of antigen-specific mucosal IgA responses in the upper respiratory tract (26) . However, to our knowledge no prior studies investigated the mucosal immune response in the The nasal tract is equipped with a mucosal inductive site in the NALT for the priming of immunocompetent cells to induce antigen-specific mucosal immune responses, such as Peyer's patch in the intestinal tract (2, 14, 16, 24, 43) . Thus, IgA precursor B cells in NALT are primed and activated by intranasal immunization and then disseminate throughout the mucosal effector sites, including the nasal mucosa and the MEM, via the common mucosal immune system (21, 27, 34, 43, 46) . Our preliminary study showed that inoculation of the dye into the nose of mice did not result in staining of the middle ear, suggesting that the antigens did not contact the middle ear via intranasal immunization (S. Kodama, M. Suzuki, and G. Mogi, unpublished data). In the present study, many P6-specific IgAproducing cells were detected not only in the NP but also in the MEM of P6ϩCT-immunized mice; however, fewer P6-specific IgA-producing cells were noted in the NALT. This suggests that P6-specific IgA-precursor B cells primed in the NALT migrate into the MEM and that these cells differentiate into IgA-producing plasma cells in the MEM. CD4 ϩ T cells are known to be essential for IgA B-cell responses (45) . The helper T cells that preferentially produce IL-4, IL-5, IL-6, and IL-10, the Th2 subset of CD4 ϩ T cells, promote IgA responses (15, 27, 34) . Our prior results indicate that intranasal immunization of normal mice with the combined OMPs and CT vaccine induced Th2-type cells in the IgA mucosal response (26) . A severe impairment of IgA responses is observed in anti-CD4-treated and athymic mice, which also have reduced germinal center development and few IgA-producing cells in the intestinal lamina propria (1, 28) . The interaction between CD4
ϩ Th2 cells and B cells that are induced to undergo isotype switching normally occurs in germinal centers (23) where the interaction between CD40L on the activated CD4 ϩ T cells and the CD40 molecule on B cells also initiates a signal needed for the isotype-switching process (23) . A special subset of the CD4 ϩ T cells is thus essential for the induc- ϩ T cells can also secrete TGF-␤, which serves as an IgA isotype switch (8) . Mucosal IgA responses are also reduced in TGF-␤ Ϫ/Ϫ mice (40) . T-cell-derived cytokines, including IFN-␥, can induce secretory component in epithelial cells and major histocompatibility complex class II expression on antigen-presenting cells (1, 15) . All of these cytokines can be produced by MEM CD4 ϩ T cells. In the present study, P6-specific Th cells, which could produce these cytokines, were induced in the MEM by intranasal immunization with P6 and CT. Moreover, these MEM CD4 ϩ T cells enable secretory IgA ϩ B cells derived from the NALT to differentiate into IgA plasma cells in the MEM.
Secretory IgA (IgA) is known to have an inhibitory effect on bacterial adherence (25, 42) . Salivary secretory IgA has been shown to possess inhibitory activity to various species of Streptococcus, and the inhibitory activity of secretory IgA correlates with the agglutinating activity (32, 42) . The adherence of NTHI to human nasopharyngeal epithelial cells is markedly reduced by nasopharyngeal secretions containing NTHI-specific secretory IgA antibodies (25) . Clinical investigation also showed that the decreased nasopharyngeal colonization of NTHI is related to the occurrence of P6-specific secretory IgA antibody in nasopharyngeal secretions (13) . In our previous study, the clearance of NTHI from the nasopharynx was shown to be enhanced by intranasal immunization. In the present study, P6-specific IgA antibodies after intranasal immunization increased not only in the nasal wash but also in the ear wash. These results indicate that intranasal immunization with P6 and CT may enhance the clearance of NTHI not only from the nasopharynx but also from the middle ear cavity.
In summary, our present results demonstrate that P6-specific IgA and Th2 immune responses are induced in the middle ear by intranasal immunization. This finding indicates that nasal vaccination might be a useful strategy in preventing OME. 
FIG. 7. Helper function of MEM T cells. MEM CD4
ϩ T cells from P6ϩCT-immunized mice enhanced P6-specific IgA responses of NALT B cells since higher levels of P6-specific IgA antibody were noted in these cultures than in cultures of MEM CD4 ϩ T cells from CT-immunized mice, control mice, or the control culture of only NALT B cells (P Ͻ 0.01). These results are expressed as the mean Ϯ the SE and were obtained from a total of three experiments with 20 mice per group.
